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INFLUENCEOF NONUNIFORMEXTERNALMAGNETICFIELDS MD ANODE-CATNODE
SHAPINGON MAGNETICINSULATION IN COAXIALTRANSMISSIONLINES

FtICNAELA. HOSTROlt

Intense pmrticle Beam Theory Group
I.r,a Alsmms ?,clentific l~boratory

f.w= Aiws, NW Hcxfco 87545

Abstract

Coaxial transmission Iioes, usrd Lo lram*-
fer the high voltage pulsr into thr dlodr
regioo of ● relativistic ●lectron beam gener-
ator, have been studied using the two-dimrn-
aional time-dependent fully relativistic ●nd
●lectromagn~tic particle simulation code CCUBE.
A simple theory of magnetic insulation that
agrees well with simulation results for a
straight cylindrical coax in a uniform external
magnetic field is used to interpret the ●ffects
of aoode-cathode shaping and nonuniform ●xter-
nal magnetic fielde. Loss of magnetic insula-
tion appeara to be minimized by satisfying two
condition: (1) the cathode surface should
follow a flux surface o: the external magnetic
field; (2) the anode should then be shaped to
insure that the magnetic insulation impedance,
including transient, is always greater than
the effective load impedance wherever there is
an ●lectron flow in the anode-cathode gap.

Introduction--

Elsewhere in these proceedings, Hike Jones

has de~cribed both theory and simulation of

foillesa diodeE, The achlevemettt of high

voltage (> 5 HeV), high current density

(> 500 ka/cm2), laminar electron beama by such

diodes appeara at present to reqwire ●xtrrnal

magnetic fieldg on the order of 100 kg. Tile

fringing fields from the external magnetic

field coils will flare out to low values back

in the coaxial Lranamisaion line feeding the

diode. Also, in this same fringe field region

thp transmission line anode and cathode radii

❑ay taper dramatically in order to provide the

proper transition in impedance ●nd sizr between

the diodr ●nd thr insulator atach. Hnwever,
I-4 5previous throry ●nd aimulat!on of transmis-

sion lines has dealt only with ●lraight coaxial

transmititiion Ilnea ●nd no ●xtt~rnal ●agnetic

field or wiLh pnrallel platr tranamlsnion linFR

the proper cathode shape relative to the exter-

nal ■agnetic field li.lea; (3) What constraints

on the impedance profile ●long the tranamiasion

line ❑inimize the loss of magnetic insulation?

These queationB are being studied using the

two-dimenaional time-dependent fully relativis-

tic and electromagnetic particle simulation
6code CCUBE and simple theories. Preliminary

results are given below.

Straight Coaxial ‘Transmission Line, Uniform B.

An analytic theory of magnetic insulation

in a ~traight coaxial transmission line with a

unifonm external axial ❑agnetic field ~. = Boi

appeara tm require some further Simplifying

assumption or approximation (e.g., ignoring the

●xial self-magnetic field or imposing some

relation between radiua and one or ❑ ore veloc-

ity compone~ts). The choice of such a simpli-

fying ●pproximation can perhaps be guided hy

❑imulationa, b~,t at thr Lime of writin~ this

paper, only the aimpleat possible theory has

bren compltted and compared with simulations.

Thi& theory first involvca ~rneralizlng

thr critical currrnt calrulatiow by Cr@cdonG to

include thr uniform externnl fi~ld ~o, Thr

result is



where Ia = 2nec/pOe Z 8500 A, y. = 1 + ●Vo/mec2

with V. the ●node-cathode potential, toc = cBo/me,

●nd ● and b are respectively the cathode ●nd

●node radii. Our simple theory involves aaaur

ing a relation between Ic ●nd the actual total

current IH flowing in the tranamiasion line.

Our motivation for thig aaaumption stems

from ●xisting magnetic insulation theory4 for

straight coaxial transmission lines with BO = O.

In all of these theories a free parameter

exists. One possibility is a continuum of

❑agnetic insulation statea corresponding to

different conditions on the elertrona in

regiona where there is a z-variation along the

Cranamission line. Another poaaibility is a

previously overlooked general principle which

would ●now the ●lectrons to pick a unique

insulation state. We believe that the latter

ia ~trr likely in ● tranamisaion line ●nd that

*I,- XF,.-,-l I,rin! ip]r involved is maximization

..1 II.*. ‘~1*...?.? prodth~linn rat~. This trans-

lalr~ 11,1.. rnac;rn,r.,.R *I*- ll..wer tlnw ■iner in 3

transmission lilt- lh~ .ev-lmdid,ap. Il!mll lmp--

dancs AC equivalent tm a ,~=~:,~~.~ : 11 li,-

impedance ● t the input to Lhr t,a~,::rn~<-,..,..

line ia 21 and the incoainR (or riRhl Bulmxj

voltage there ia V,, then the volta,gr VL ● rross

the line ia

VL = 2V1 zL/(zl + ZL)

where Z
L s v~/1~ ia the line

La the total lin~ current.

power P s VL IL = IL(2V1 - 21

at I L = vl/zl rind decreases

(2)

impedance and IL

The transmits

IL) has a maximum

for higher cur-

rents If one includes the effect of insula-

tion loss at an impedance rise, the tot:~l or

●ffective 21 (aE viewed from the line) always

●atieficB 21 2 ZL which implien lL Z V1/Zl.

*
Note that this power flew argument cannot in

general be applied to the operating character-
iatica of a diode becauar ● highly ordrred
●lectron beam in not equivalent to ● reninLor.

I

Thus, maximum power flow requires #n electron

current distribution that minimizes the total

line current IL. Furthermore, the ●xisting

theoriea4 with B. = O ●ll have very close 10

thr same value for the minimum IL. Finally,

thic value agreea well with simulation
~eau1ts5,7 for the ●t.eady-state magnetic in~ti-

lation current over ● wide voltage range

(1-20 HeV), and thiE value ia ●lwaya approxi-

■ately 1/0.82 larger than the critical current

Ic (with B. = O).

Thus , we take the steady-state magnetic

insulation current to be IH = It/a even when

B. # O. The correaponrling steady state mag-

netic insulation impedance ~~Vo/IH ia then

where 20 ~ 60 0 lln(b/a) is the vacuum coaxial

tranamiaaion line impedance, V. ia the anode-

cathode potential, and a = 0.82 t 0.01 is deter-

❑ined fr~m a fit to simulation reaulta. As

‘o
~ncreaaes, however, Ic + o while we bow

qzo s 1. Hence, Eq. (3) can be correct only

for ❑uffiriently small BO or large So. This is

demonctratrd in Fig. I where Eq. (2) ia used to

I 1,14 v,, z V, with ZL = ~obt.ainedfrom Eq. (3),
,,1 , = ?,4-11 8!I eiiher 1.5 ttrV or 6.14 tleV,

z “t. “:; \l, m
1

1 (m,u ●ud h ❑ 1,853 cm. Thr

●grccmrwt 1,-! U,.,.1, .illblllal ,,4,, nlid tl)ln ●implr

Lheory, ●apeclally •~ 1,, RI, v..lia~e. I.a n,,ili-

cient to help desisn and lnlrlp~?l ~h- ~0:.,1*:.

of the more complex simulations d?r( rll)-,1 1,-,i

Field Line Orientation. ..—

The next aimple~t configuration onr ■ight

try in a straight coaxial transmission line

with a nonunifom ●xternal ❑agnetic field ~O.

The results are indicated in Fig. 2. Here B.

increaaes from 0.5 kg to 100 kg in a length of

60 cm with a = 1 c%, b = 1.853 cm, and

VI = 6.14 tleV. Th~ ❑agnetic insulation initial-

ly proceeds nbout the same aa with B. = O until

the position is reachrd where B. _ 20 kg.



Electrons emitted in the weaker field region

camot pass this position but rather go to the

anade. Electrons ●mitted in the higher BO

region acquire a negative z-velocity and also

go to the anode (for a total current leas of

40%.) thereby reducing the actual operating

impedance by an additional factor of 1/2 over

Eq. (3) with B. = O. The negative Vz of the
~T ~trons in the high B. region la due to the

strong V. x Br farce overtaking the -vr x B
0

force as the ~. field lines converge toward the

axis. Clearly, one should avoid having a com-

ponent B1 ~ BevL/v6 of PO perpendicular to the

cathode.

Thus , the next configurations tried have

cathodes that follow a flux surface of B
-o” ln

Fig. 3, the cathode is shaped in this fashion

until the straight section is reached where B
o

continues to increase from 18 kg to 80 kg,

Also, the anode radius drops linearly from

12.85 cm to 1.85 cm while the cathode drops

linearly from 4.4 cm to 1 cm, and VI = 8.35 tfeV.

There is very little loss of insulation in the

tapered section, but approximately 30% of the

total current is lost to the anode in the

straight section. In Fig. 4, the cathode is

shaped to foll{w 110 over the entire length of

33 cm where BO goes from 2 kg to 80 kg. The

anode tapers roughly linearly from 23.6 cm to

2 cm while the csthode tapers as ahown from

8.4 cm to 1.2 cm, and VI :: 8.35 MeV. Once

again the electrons emitted in the low B.

region cannot pass a critical B. position (here

when B
o

= 3.5 kg). However, the current loss

to the anode is only shout 7%, and it is spread

over shout 1.5 cm (along Z) for a c.’rrsnt

Jrnsity nf lrss than 0.1 M/cm* at the anode

glJrfa(.(.. III thr next section we otier a pos-

: !?,!, I-Ml,l*tta! ion for this ]OSS.

irqleh:,, t Il?.vi!l.,>.,]

In the Iih411. J *t*4,:,*i,,’ 1.,$ },,,P. ,le~,,jl,p,l

above (t#un, 3 ●nd k), II!* V.. :,*M ,*:,,.,l*’,. P

Zo(z) monotonically drcrra6rd bY ~t,,,,,I “ ii.,. .

of two with increasing exial ponitlull x IIs

simulation with B
o = O, this impedance drop

insured that only a slight transient insulation

loaa occurred. The discrepancy between this

case and the Bu # O case (Figs. 3 and 4) might

be interpreted by saying that complete magnetic

insulation requires ZH(Z) 2 ZT wherever

~(z) < Zo(z) due to the electron flow, where

ZT is the terminating or load impedance. Other-

wise, there hill be some steady loss of insula-

tion in the region around the absolute minimum

of the impedance.

This would explain the insulation leas in

Fig. 3 because Eq. (3) givea ZH(Z) > ZT only up

to rrear the straight section where ZC = ZT.

Near the start of the straight acction (where

B. is still small) ZH < Z. = ZT, and as we move

into the high B. region the electrons are clamped

to the cathode and ZH rises up to 20 = ZT.

The explanation of the small insulation

loss io Fig. 4 is more subtle because the

effective load impedance Z (z,t) differs from
E

ZT due to the rise time of the high voltage

pulse, Using the telegraphers equations, with

the bubscript “T” denoting measurement at the

terminating position ZT, and asauming a small
.

time de~ivative VT, gives

.
zF(z,t) ‘T

‘T ~o(Z) ZT
—’.—

‘l+p 1[
— .

% ‘T 1~o~i,dz. (4)

z

For out case where Zo(z) ? ZT :: ZO(ZT) and

tT ? o, zE(z,t) !? ZT. !n spite of this, for

the case shown in Fig. 4, Eq. (3) gives

ZM(Z) 2 zE(z,t) and yet there is still some

small 10ss of insulation. The prc,blem is that

in magnetic insulation there are transients

where t,he impedance ZM(z,t) drops (by as much

as 30%) below the final steady state value

ZH(Z) given by Eq. (3), Indeed, in the loss

region shown in Fig. 4, meaauremcnts indicate

ZH(z,t) t ZE(z,t) by about 7%. Furthermore,

once this Ions region forms (due t.c s transient

wherr Z“ < Z ) ●nd propa~..tet to the high BO
E

r~u{orl (Whf,rr ~
n

rises Lo i!{)) it appt,ars to hc

“i.f$:,IDII \O Ret rid of. Thus, complete magnrt-

,! 4,!;.,,:.- :. !,, X*-W:. {I, rp(luirr thr stricter con-

,-,+ 1 wtiet.-ver z~(~) < ZO(Z),
“’’’’’” ‘l$:’”; ‘ ‘i

-2
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Tentative ConciuEions

tIinimization of magnetic inwlation lono

●ppear~ to require two conditic.s: (1) the

cathode surface should coincide with a fluz

surface of the external magnetic field go ●t

least ‘til ‘O ‘< ‘O ‘r’vO; (2) the vacuum

impedance Zo(z) should drop sufficiently ●nd

the rime time VT/~T sould be sufficiently long

that ~(z,t) 2 ~(z,t), including ●ll tran-

sients, wherever%(z) <ZO(Z).

References.—
1. R. V. Lovelace and E. Ott, Phys. Fluids 17,

1263 (1974).

2. A. R~n, A. A. Hondelli, and N. Rostaker,
IEEE Trans. Plas. Sci. ~, 85 (1973).

3. V. S, Voroni~ and A. N. Lebedev, Sov. Phys.
Tech. Phya. 18, 1627 (1974).

4. J. H. Creedon, J. Appl. Phyn. 46, 2946
(1975); J. APP1. Phya. ~, 1070 (1977).

5. J. W. Poukey and K, D. Bergeron, Appl.
Phya. Lett. ~, 8 (1978).

6. L. E. Thode, B. B. Godfrey, ●nd W. R.
Shanahan, Phyq. Fluids 22, 747 (1979).

7. Our own simulation reaulta (unpublished)
● re in ●8reement with those of Ref. 5.

——

This work waa supported by the Air Force Office

of Scientific Research and the U.S. Department

of Energy.

“---c?
Yo Q VI - 1.50 rld

g v, - 6.14 14eV

o 10 20

~ (kg)

;

-45 Z(ca) 15 -45 z(cm) 15

Fig. 2. Straight coaxial tranamiaaion line, non-
uniform go. Time = 1.72 nsec,

-10.0
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Fig. 3. Shaped coaxial transmission line, non-
uniform BO, Time - 5.b8 neec.

Fig. 4, Shaped coaxinl transmi~~ion line, non-

uniform 133, Time = 19.5 nsec.
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